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I. INTRODUCTION

W
ITH the rapid development of microelectronics coupled with the deployment of Internet of Things (IoT), personal digital assistants (PDAs) such as smart phones, fitness trackers and wearable devices are becoming indispensable parts of daily life, and are expected to be ubiquitous. Communication and computation are easily accessible, and users are conveniently connected to big data with these devices. Although the PDAs can bring a lot of convenience, there are also some burdens associated with them, as additional space for battery are needed for these devices and the battery needs frequent recharging or replacement. Batteries have become a major source of the uncomfortably large weight and volume of a PDA. Thus, it is highly desired to have an energy harvester which can supplement or replace traditional battery. Solar cells can generate substantial amount of power, but need light. Vibration-energy harvesters, on the other hand, produce power from ubiquitous vibration including human's walking motion.
The main challenge to harvest power from vibration energy of a person carrying a PDA has been that most of the vibration energy is at a frequency below several Hz [1] - [3] . Three transduction mechanisms have been employed to convert kinetic energy into electrical energy: piezoelectric [4] - [6] , electrostatic [7] - [9] , and electromagnetic [10] - [14] . Piezoelectric energy harvester can provide large output voltage, but its power level is limited by the small current and its high impedance mandates some kind of circuitry for the harvested power to be delivered to a load which is typically of very low impedance. Electrostatic energy harvesters, sometimes called capacitive energy harvesters, have good fabricationprocess compatibility with CMOS process, but require external DC bias or pre-charged electret membrane. The output current is also small. Compared to piezoelectric and electrostatic energy harvesters, electromagnetic energy harvesters are capable of delivering higher power (due to higher current although the voltage is usually lower) into a low impedance load, and thus, is better suited for PDAs.
Most of vibration-energy harvesters rely on the resonance of a proof-mass suspension system, and their optimal performances occur only over a narrow frequency band at a relatively high frequency such as tens -hundreds of Hz. However, naturally-occurring vibrations such as human motion, ocean wave, etc. typically have most of their vibration energy at a frequency below 20 Hz. Both a narrow band and a high resonant frequency of a harvester are severely limiting when the harvester is used to harvest naturally-occurring vibrations.
Some have attempted to reduce the resonant frequency of a vibration-energy harvester through varying the mass and spring constant. For example, a 68 cm 3 electromagnetic power generator having a resonant frequency of 11 Hz was reported to generate an average power of 2.3 μW from an input acceleration of 0.055 g at 2 Hz, and was shown to generate 0.5-0.75 μW when it was mounted at the bottom of the New Carquinez bridge [15] . A 0.13 cm 3 microelectromagnetic energy harvester (consisting of an electroplated copper planar spring, a permanent magnet and two layers of copper coil) was reported to have a resonant frequency of 55 Hz and to generate 18 mV and 0.61 μW from 1.5 g input acceleration at 55 Hz [16] . Another microelectromagnetic energy harvester occupying 0.15 cm 3 (with a 2,300-turns coil mounted on beryllium copper cantilever with 4 NdFeB magnets around it) was reported to deliver 46 μW to a resistive load of 4 k when the device is shaken with 60 mg at its resonant frequency of 52 Hz [17] . Thus, the lower the resonant frequency, the higher was the needed volume for the spring-mass system.
Another approach to reduce the resonant frequency is to use a magnetic spring that uses a repulsive force between two magnets to suspend a magnet (which usually works as a proof mass as well). An energy harvester based on magnetic springs with two fixed magnets and one moving magnet housed in a teflon tube was reported to show the resonant frequency in 7-10 Hz. The energy harvester occupies 40.18 cm 3 , and the maximum power density is 50.02 μW/cm 3 for input acceleration of 0.5 g at the resonant frequency [18] . Another magnetic-spring-based harvester having a volume of 13 cm 3 with a resonant frequency of 8 Hz was tested in the backpack of a person walking on the treadmill, and was shown to produce 0.95 mW and 2.46 mW from walking and slow running conditions, respectively [19] . The performance can be improved by employing a magnet array with alternating north and south poles to provide rapidly changing magnetic flux in space, and an energy harvester occupying 120 cm 3 and weighing 180 gram with a resonant frequency of 4 Hz generated 32 mW power output from a slow-running motion [20] . A smaller version based on the same principle with microfabricated coils and magnetic spring (occupying a total volume of 3.8 cm 3 and weighing 8.5 gram) shows a resonant frequency of 8 Hz and generates 0.6 μW power from 0.6 g input acceleration at 8 Hz [21] .
Energy in naturally-occurring vibrations is typically spread over a wide band of frequency instead of a single frequency. To effectively scavenge energy from these vibrations, a broadband energy harvester is highly desired. One approach to obtain a broad-band energy harvester is to use an array of energy harvesters with different resonant frequencies. For example, a 1.4 cm 3 electromagnetic energy harvester containing an array of 35 coil-carrying cantilevers with various lengths was shown to generate 0.4 μW from an input acceleration over a frequency band of 800 Hz from 4.2 to 5 kHz [22] . Another approach to broaden the frequency band is to use multiple vibration modes. A 0.032 cm 3 energy harvester that combined three multi-modal spring-mass structures showed nine resonant peaks over 189 -662 Hz, and generated the open circuit output voltage and power at the nine resonant frequencies from 0.01 to 0.13 mV and 0.303 to 16.0 pW, respectively [23] . These energy harvesters combine many discrete resonant frequencies, and the power output is heavily reduced at frequencies other than the resonant frequencies.
Non-resonant energy harvester can respond to all the frequency components of a vibration over a wide frequency band, and a 2.7 cm 3 non-resonant energy harvester with freemoving Nd magnet and stacked multi-layer PCB coil plate was reported to deliver maximum output power of 0.4 μW to a matched load of 50 at 1.9 g over 40-80 Hz [24] . Also, a 1.0 cm 3 spring-less cubic harvester (that was formed by folding a planner coil plate to wrap a NdFeB permanent magnet movable in the cube for harvesting vibrations in all three axes between 20 and 100 Hz) was reported to produce the maximum output voltage and power of 3.82 mV and 0.75 μW, respectively, from 0.5 g acceleration [25] . Another non-resonant energy harvester (with a spherical magnet encapsulated by a 3D-printed spherical shell having a wounded copper wire for harvesting multi-directional vibrations of human movements and charge lithium-ion battery) was reported to have a volume and weight of 70 cm 3 and 81 g, respectively, and to deliver 234 μW when mounted on the ankle of a jogging human [26] .
These non-resonant harvesters, though, typically suffer from low efficiency and figure of merit (i.e., power output per squared acceleration per harvester volume), as the relative motion between a proof mass (e.g., a magnet) and a frame (which houses, for example, a coil) is very small. In this paper, a novel non-resonant energy harvester with self-assembled ferrofluid liquid bearing (occupying a total volume of 1.1 cm 3 and weighing 2.5 gram) is presented. The liquid bearing allows the energy harvester to have a large relative motion between the magnet and coil with low friction and makes this non-resonant harvester highly efficient in producing electrical power. The performance is further improved by adopting magnet array with rapidly changing magnetic flux and multiple layer electroplated planar coil fabricated with MEMS process.
II. MODELING AND DESIGN
The schematic of the vibration-energy harvester is shown in Fig. 1 . Four NdFeB magnets with alternating north and south poles form the magnet array, large magnetic flux change can be achieved by this arrangement and thus high electromotive force can be produced [27] . The rectangular coils in the multilayer planar coil array have the same size as the magnets. Compared to a square coil, a rectangular coil of the same area and resistance can produce a larger electromotive force and thus a larger power output to a matched load [28] .
Ferrofluid-based liquid bearing is used for levitating a magnet array over a coil array to form the non-resonant energy harvester. As can be seen in Fig. 2 which shows the magnetic field lines of the magnet array, maximum value of the magnetic field occurs near the boundary between two magnets. Accordingly, ferrofluid automatically concentrates along the boundaries, since ferrofluid [29] is magnetized in the presence of a magnetic field, and will follow the magnets during vibration. Thus, a low-friction relative motion between the magnet array and the coil array caused by the vibration source can be produced by the self-assembled liquid bearing. According to the Faraday's law, electromotive force can be induced by the relative motion in the coil because of the changing of magnetic flux.
In order to understand the non-resonant property of the energy harvester based on liquid bearing, we consider the physical process when there is applied acceleration. With the assumption that the friction is negligible (due to the bearing provided by liquid) and that the collision between the magnet and the frame is completely inelastic, the magnet array and the frame (and thus the coil plate) have the same velocity after collision and separate from each other when the frame starts to decelerate, since the magnet array keeps a constant velocity. When the vibration amplitude is large (larger than the critical value to be considered in the next paragraph), there is a time interval during which the magnet array moves together with the frame (containing the coil plate), after the collision, and there is no relative motion between the magnet array and the coil plate, as shown in Fig. 3a . The collision happen at time θ /ω (Fig. 3a) , the magnet array moves together with the frame, since the frame is accelerating from θ /ω to π/ω. At time π/ω, the magnet array starts to separate from the frame, since the frame begins to decelerate, while the magnet array has a constant velocity of Aω due to negligible friction, until the magnet array collides with the other end of the frame. The movements of the magnet array and the frame will be periodic, if the collision on the other end of the frame happens at (π + θ)/ω, which is exactly a half period after the first collision. Thus, the following equation must be satisfied for the periodic movements
where L is the movable range of the magnet array, and θ is the phase angle at which the collision happens. The first term in the equation is the distance the magnet array moves, while the second term represents the net distance that the left end of the frame traverses in the same direction of the magnet The magnet array collides and moves together with the frame when the frame is accelerating, and separates from the frame with a constant velocity when the frame starts to decelerate. (b) Illustration of the critical condition. The magnet array separates from the frame right after they collide with each other. At the critical vibration amplitude, the difference of the phase angle between two collisions at each end of the frame is π . In other words, the time difference between two successive collisions is a half period, resulting in periodic movements of the magnet array and the frame.
movement before the next collision. The difference of these two terms should be equal to the movable range of the magnet array denoted as L. The relative velocity between the magnet and the frame can be expressed as The root mean square (rms) value of the relative velocity between the magnet and the coil plate is
where a is the acceleration of the vibration. The vibration amplitude A can be expressed as function of θ and L with Eq. (1), and we obtain the rms value of the relative velocity as function of θ as follows.
The mean square of relative velocity increases monotonically as θ increases (and the vibration amplitude A decreases, since θ and A are related through Eq. (1) for the periodic movements, until A is reduced to a critical value). For a given acceleration, A decreases as ω is increased, and the mean square of relative velocity increases as ω is increased, before A reaches the critical condition.
At the critical condition illustrated in Fig. 3b , the magnet array and the frame separate right after they collide with each other since the frame is decelerating. For sinusoidal applied vibration with vibration amplitude A and frequency ω, the velocity of the magnet array is Aωcos(θ) for the collision happening at time θ/ω, and is constant (due to negligible friction) until the magnet array collides with the other end of the frame. If the collision on the other end of the frame happens at (π + θ)/ω, the movements of the magnet array and the frame are periodic, and repeat in the next period. Thus, we can calculate the time or the phase angle θ of the critical condition from
where L is the movable range of the magnet array, and θ is the phase angle at which the collision and separation happen. The first term in the equation is the distance the magnet array moves, while the second term represents the net distance that the left end of the frame traverses in the opposite direction of the magnet movement during a half period after the collision. The sum of these two terms should be equal to the movable range of the magnet array denoted as L.
The relative velocity between the magnet and the frame (and thus the coil plate) at any time during the half period is
Consequently, the root mean square (rms) value of the relative velocity between the magnet and the coil plate is
where a is the acceleration of the vibration. The vibration amplitude A can be related to θ and L with Eq. (5), and we obtain the rms value of the relative velocity as function of θ as follows.
The rms value of the relative velocity reaches maximum when θ equals to 0.3. Thus, we get the following equations for the critical vibration amplitude A and the maximum relative velocity, v rms,max .
⎧
From Eq. (9), we see the critical vibration amplitude is proportional of the movable range of the magnet array L and independent of the vibration frequency, while the maximum relative velocity is proportional to vibration acceleration a as well as L.
According to Farady's law, the electromotive force is equal to the time changing rate of the magnetic flux.
The spatial gradient of magnet flux (d z /dx) depends on the coil shape, number of turns for the coil, magnet shape and strength, and relative position between the coil and magnet. If the amplitude of the relative movement is small, d z /dx doesn't change much within the vibration range, and can be treated as constant. In this case the EMF is proportional to the relative velocity between the magnet array and coil plate, and the power is proportional to the mean square of the relative velocity.
The physical process is simulated in Matlab, with difference equations that determine the position and velocity of the magnet array and the frame in small time steps. In the simulation, the magnet array and the frame are again assumed to have the same velocity after they collide with each other. Also, the magnet array is assumed to move without friction. The movable range of the magnet array is set to be 2 mm. The simulated mean square values of the relative velocity between the magnet array and the coil plate (which is a fixed part of the frame) as function of frequency under various accelerations from 0.5 g to 2 g are shown in Fig. 4 . Unlike a resonant energy harvester, the relative velocity peaks at different frequencies under different accelerations. (Note that the vibration amplitude is equal to the vibration acceleration divided by the square of the vibration frequency.) The peaking frequency corresponding to a particular vibration amplitude (for a given acceleration) is consistent with the prediction made by the Eq. (9), i.e., for 2 mm movable range the critical vibration amplitude is 0.56 mm.
We can have a better insight of the working process by looking into the time domain responses of the various parts of the harvester. For a given acceleration, when the frequency is low, the vibration amplitude is larger than the "critical" vibration amplitude, and the relative velocity between the magnet array and the frame is zero during the time when the magnet array and the frame move together (Fig. 5b ). These times (during which the relative velocity is zero) decreases the rms value of the relative velocity. As the frequency is increased, the zero-relative-velocity times (so called dead zones) are reduced. At a critical frequency where the vibration amplitude is equal to the critical value, the relative velocity shows no "dead zone" (Fig. 5d) . However, if the frequency is increased further, while keeping the acceleration constant, the vibration amplitude will be smaller than the critical value. In this case the magnet array touches the frame at random points in time, and the relative velocity is aperiodic (Fig. 5f) . Consequently, the rms value of the relative velocity decreases, as the frequency is increased beyond the critical value. Thus, the rms of the relative velocity between the magnet array and the coil plate is maximized when the vibration amplitude is equal to the critical value which is independent of the frequency and is determined only by the movable range of the magnet array L, as seen in Eq. (9).
III. FABRICATION Microfabrication techniques are used to fabricate the planar coil plate, as illustrated in Fig. 6 . The coil is fabricated on a copper clad polyimide laminate (DuPont LF7011R). Thicknesses of polyimide substrate, adhesive layer and copper are 25 μm, 13 μm and 35 μm, respectively. Laser burning of the polyimide is used to form back-to-front alignment mark and via holes. The circular dots on the front side (clad with copper) produced by thermal oxidation of the copper are used for alignment. Copper is exposed by removing the residual adhesive in the via holes with 10 minutes oxygen RIE (Reactive Ion Etching). With exposed copper as seed layer, ∼35 μm copper is electroplated to fill the via holes. On top of the polyimide, Ti/Cu (20 nm/200 nm) seed layer is deposited by E-beam evaporator, and then a mold for the copper coil is obtained by spin-coating and patterning of ∼30 μm-thick photoresist (AZ4620). The photoresist mold is removed in acetone after 30 μm thick copper is electroplated on the front side, and the seed layer is etched away using wet etchant to form the coil. The coils on the front side are formed by etching the 35 μm clad copper layer by isotropic copper etchant. The coils on both sides are coated with parylene for isolation, and the pads for connection between different layers are exposed using oxygen RIE. Then multiple fabricated double-side coil plates are stacked and connected using low temperature Sn/Bi alloy solder paste (ChipQuik SMDLTLFP) which can be melted at 138°C.
The photos of the fabricated double-side coil and stacked multilayer coil array are shown in Fig. 7 . The via hole that exposes the underlying copper (Fig. 7a ) has been filled with electroplated copper as shown in Fig. 7b . Each piece of the double-side coil plate contains 10 coils connected in series (5 coils on each side) since the magnet array is consisted of 4 NdFeB magnets, total number of turns and the resistance are 75 and 8.9 , respectively.
In general, electromotive force can be increased with more coil turns, but the additional coil plate contributes less and less electromotive force, since the distance between the additional Fig. 8 . Photo of the self-assembled liquid bearing. The ferrofluid concentrates along the boundary of two abutting magnets automatically and form the liquid bearing. Bearing on the bottom is flatter than the one at the top due to gravity pulling down the magnet. coil plate and the magnet array increases, while the total resistance of the coil plates increases proportionally to the number of the coil plates. Thus, there exists an optimum number of turns for the coil for a given load impedance. Due to our fabrication limitation, we obtained nine double-sided coil plates, and successfully stacked those using low temperature solder paste for 675 turns and 80 resistance. As the total thickness of 1.35 mm is far less than the thickness of the magnet (3.2 mm), more coil plates can be added to improve the power level, but at the cost of increasing the source resistance. At least, since we now have the coil plates in only one side (i.e., the bottom side), the power can be easily increased by a factor of two without increasing the volume and weight by adding another set of coil plates on the other side (the top side).
Liquid bearing self-assembles when ferrofluid is applied to the magnet array as the ferrofluid concentrates along the boundaries of the magnets automatically. A crosssectional photo of the liquid bearing is shown in Fig. 8 . The friction of liquid bearing can be further reduced by employing hydrophobic surface, and various ferrofluids have been tested on a surface deposited with super-hydrophobic Fig. 9 . Measured contact angles of the ferrofluid droplet with various carriers and surfactants are listed in Table I . Water based ferrofluids have superior hydrophobic character than synthetic hydrocarbon based ferrofluids. EMG 705 with anionic as surfactant has the highest contact angle among the water based ferrofluids, and thus has the lowest friction. The ferrofluid liquid bearing may affect the efficiency of the harvester, since some of the magnetic field line goes through the ferrofluid instead of the coils. However, since the magnet thickness (3.2 mm) is much larger than the thickness of ferrofluid layer (∼ 0.2 mm), the attenuation of the magnetic field due to the ferrofluid is small. A frame is formed by a laser-machined acrylic, and superhydrophobic coating is applied to the surface of the coil plate and the inside of the frame. The frame and the coil plate are glued with epoxy resins.
The freedom for the magnet array's in-plane rotation is limited by the aspect ratio (i.e., the width-to-length ratio of 1:2) and small gap (∼0.3 mm) between the frame and magnet array. Also, chamfering of the magnet array reduces the possibility of the array getting stuck, and no rotation or chocking is observed during the experiment.
Folded acrylic springs can be integrated with the frame to scavenge the energy when collision happens between the magnet array and the frame. Photos of the two designs (with and without acrylic spring) are shown in Fig. 10 . The two designs have same volume and weight, the physical dimensions of the device are listed in Table II .
IV. RESULTS AND DISCUSSION
In a test setup shown in Fig 11, the vibration is provided by a linear actuator (Aerotech ACT115DL) which is driven by a digital controller with an integrated power amplifier. The digital controller receives the control parameters (i.e., the vibration Fig. 10 .
Photos of (a) the non-resonant energy harvester based on liquid bearing with 3 mm movable range for the magnet array and (b) the non-resonant energy harvester based on liquid bearing with integrated acrylic springs: the movable range of the magnet array is also 3 mm. amplitude and frequency) from a computer. The position data of the linear actuator are fed to the computer for accurate control of the vibration. The output signal from the energy harvester is observed by and stored into an oscilloscope.
The fabricated energy harvester with ferrofluid liquid bearing is tested with in-plane vibration over 2 -45 Hz. The non-resonant property of the energy harvester based on liquid bearing has been confirmed by the measured frequency responses under various accelerations (Fig. 12a) . For a given acceleration, the harvested power increases in proportion to the frequency before the critical frequency (that is higher for a larger input acceleration), and the harvester can scavenges vibration energy over a broad frequency ranges. The power output decreases, as the frequency is increased when the frequency beyond the critical frequency, for a given acceleration. What is physically happening is that before the peak, the power output is limited by the movable range of the magnet array, and increases with decreasing vibrational amplitude associated with increasing frequency for a given acceleration. But once the frequency is higher than the critical frequency, the relative velocity is aperiodic since the magnet array touches the frame at random points in time and decreases as the frequency is increased for a given acceleration. According to the theoretical model, the critical vibration amplitude should be determined only by the movable range of the magnet array and independent of the acceleration. The test results in Fig. 12a shows the vibration amplitudes corresponding to the peaking frequencies at 0.5 g, 1 g, 1.5 g and 2 g accelerations are 0.86 mm, 0.86 mm, 0.85 mm and 0.83 mm, respectively, which matches very closely to the critical vibration amplitude (0.84 mm) calculated with Eq. (9). For a resonant energy harvester, the output power is proportional to the square of the applied acceleration at a given frequency. However, the output power of the non-resonant energy harvester based on liquid bearing is expected to be linearly proportional to the acceleration at the peaking frequency, according to Eq. (9). The output power that can be delivered to a matched load of 80 at the peaking frequency for acceleration of 0.5 g, 1 g, 1.5 g and 2 g are measured to be 16.5 μW, 39.9 μW, 63.7 μW, and 90.4 μW, respectively. The output power linearly depends on the acceleration, and the linear recession shows R 2 equal to 0.9821.
Harvesting energy from a low frequency vibration is a challenge for the resonant energy harvester since it is very difficult to achieve a low resonant frequency with small volume and/or a wide bandwidth for harvesting energy at non-resonant frequencies. However, the non-resonant energy harvester based on liquid bearing can be efficient even at a very low frequency such as 2 -4 Hz. The measured powers (to a matched load of 80 ) under 2 g acceleration at 2 Hz, (Fig. 12b) .
According to Eq. (9), the mean square value of the relative velocity between the magnet array and the coil plate is proportional to the applied acceleration and the movable range of the magnet array. Thus, for a given acceleration, the output power can be increased by enlarging the movable range of the magnet array. In order to confirm the theory, an energy harvester based on liquid bearing with a larger movable range (i.e., 6 mm) has been fabricated and tested on the linear actuator. As can be seen Fig. 13a showing the measured frequency response under various acceleration from 0.5 g to 2 g, the measured vibration amplitudes corresponding to the peaking frequency at 0.5 g, 1 g, 1.5 g and 2 g accelerations are 1.5 mm, 1.5 mm, 1.3 mm and 1.3 mm, respectively, about two times larger than those of a harvester with 3 mm movable range. The output power that can be delivered to matched load at the peaking frequencies for 0.5 g, 1 g, 1.5 g and 2g accelerations are 33.6 μW, 84.4 μW, 138.1 μW, and 171.8 μW, respectively. Again, the output power linearly depends on the acceleration, and the linear recession shows R 2 equal to 0.9852. Compared to an energy harvester with 3 mm movable range, the measured output powers for 0.5 g, 1 g, 1.5 g and 2 g accelerations at the peaking frequencies have been increased by a factor of 2.03, 2.21, 2.16 and 1.9, respectively, confirming the doubled power output for a doubled magnet-array movable range predicted by Eq. (9) . At non-peaking frequencies (e.g., 2 -4 Hz), the measured powers (delivered to a matched load of 80 ) are about tripled from those obtained with the harvester with 3 mm magnet-array movable range, as shown in Fig. 13b .
Since the non-resonant energy harvester based on liquid bearing can work effectively under low frequency, one application of the energy harvester is to scavenge energy from human's walking motion. The energy harvester with 6 mm magnet-array movable range has been tested on the back of a human walking on a treadmill. The energy harvester is mounted along antero-posterior (AP) and medio-lateral (ML) direction, as shown in Fig. 14a . The output powers to a matched load of 80 under various walking speeds are shown in Fig. 14b , showing that more energy can be harvested from the ML axis, in line with the fact that acceleration in the ML direction is higher than the acceleration in the AP direction [30] . As can be seen in Fig. 14b, 7 .6 μW and 18.1 μW power is delivered to a matched load of 80 from walking (2 m/s) and running (3.56 m/s), respectively.
V. SUMMARY The idea of using ferrofluid as liquid bearing for vibrationenergy harvesting has been demonstrated. A magnet array which provides a magnetic field distribution with steep field gradient is levitated by the liquid bearing over a coil plate formed with electroplated copper in a microfabrication process, and super-hydrophobic coating is employed to further reduce the friction between the magnet array and coil plate. An theoretical model of the non-resonant energy harvester has been established to predict the frequency response. The energy harvester occupying 1.1 cm 3 and weighing 2.5 gram can produce μW level of power into 80 load from a vibration at 2-4 Hz. The measured frequency responses confirm the non-resonant energy harvester's capability to harvest vibration energy over a broad frequency band. When the energy harvester is placed on the back of a human walking at various speeds, the output voltage increases as the walking speed increases, and the power output reaches 18.1 μW at a running speed of 3.56 m/s.
The low frequency performance is measured to improve when an acrylic spring is integrated on the edges of the frame, along the input vibration direction. The powers (delivered to the matched load of 80 ) under 2 g acceleration at 2 Hz, 3 Hz and 4 Hz are increased to 5.0 μW, 9.1 μW and 12.7 μW, respectively, by an integrated acrylic spring. The improvement is about 50 %, and is due to a ringing effect produced by the spring after the collision. The addition of the acrylic spring does not affect the harvester's fundamental mode-of-operation as a non-resonant device capable of broad-band harvesting.
During our experiments we have not observed the liquid bearing moving away from the boundary between the abutting magnets, up to a maximum applied acceleration of 2 g over 1 -45 Hz. The liquid bearing concentrates along the boundary automatically, even if the ferrofluid is applied over and/or temporarily spreads over the entire magnet surface, since magnetic field reach its maximum near the boundary. Consequently, the long-term reliability of the liquid bearing will mostly be dependent on the evaporation rate of the liquid which is in turn determined by how well the package is hermetically sealed.
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